This paper presents the the first attempt to include soil moisture information from remote sensing in the tools available to desert locust managers. The soil moisture requirements were first assessed with the users. The main objectives of this paper are: i) to describe and validate the algorithms used to produce a soil moisture dataset at 1 km resolution relevant to desert locust management based on DisPATCh methodology applied to SMOS and ii) the development of an innovative approach to derive high (100 m) resolution soil moisture products from Sentinel-1 in synergy with SMOS data. For the purpose of soil moisture validation, 4 soil moisture stations where installed in desert areas (one in each user country). The soil moisture 1km product was thoroughly validated and its accuracy is amongst the best available soil moisture products. Current comparison with in-situ soil moisture stations shows good values of correlation (R > 0.7) and low RMSE (below 0.04 m 3 m −3 ). The low number of acquisitions on wet dates has limited the development of the soil moisture 100m product over the Users Areas. The Soil Moisture product at 1km will be integrated into the national and global Desert Locust early warning systems in national locust centres and at DLIS-FAO, respectively.
INTRODUCTION
Desert locusts are a type of grasshopper found primarily in the Sahara, across the Arabian Peninsula and into India. The insect is usually harmless, but when they swarm they can migrate across long distances and cause widespread crop damage. In 2003 -2005, eight million people in over 20 countries suffered from ravages caused by swarms of Desert locusts, with an estimated 80-100% of crops lost in afflicted regions, mostly sub-Saharan Africa [1] . Plagues of Desert locusts, Schistocerca gregaria (Forskål 1775), have threatened agricultural production in Africa, the Middle East, and Asia for centuries. The livelihood of at least one tenth of the world's human population can be affected by swarms of this insect [2] . The Soil Moisture for dEsert Locust earLy Survey (SMELLS) project has been the first attempt to include Soil Moisture (SM) information from remote sensing in the tools available to desert locust managers. The project first step was to assess the users requirements for the soil moisture products. The panel of users primarily constituted for SMELLS was of 4 affected countries by desert locust in western and northern Africa (Algerian INPV, Malian CNCLP, Mauritanian CNLA and Moroccan CNLAA) and one international institution dealing with the transmission of Desert locust information (FAO-DLIS). The geographical and temporal requirements of these users are therefore different. The consolidated spatial requirements for the SMELLS project were:
• to produce soil moisture at 1km spatial resolution over the entire Users Area of Interest for the 2010 -2016 period
• to produce soil moisture at high spatial (100 m) resolution from S1 and SMOS synergy over selected areas A consensus appeared to have the SM produced per decades (10 days). This can be justified by the fact that 10 days, or more precisely the decades of the month (10 first days, 10 following days, 8-11 left-over days), is the temporal unit of desert locust management in term of information transfer and reports when an outbreak or upsurge is developing.
DATASETS

SMELLS 1km product
In the framework of the SMELLS project, the DisPATCh algorithm to disaggregate SMOS SM was implemented in West Africa (40°-10°N, 20°W -20°E). DisPATCh provides 1 km resolution SM data from coarse-scale microwave-derived SM. In DisPATCh, the soil evaporation from the 0-5 cm soil layer and the vegetation transpiration from the root zone soil layer are partitioned by separating LST (Land Surface Temperature) into its soil and vegetation components. The partitioning method relies on an contextual interpretation of LST and NDVI [3] . Remote sensing derived soil temperature is first used to estimate Soil Evaporative Efficiency (SEE defined as a ratio of actual to potential soil evaporation), which is known to be relatively constant during the day on clear sky conditions. DisPATCh then distributes high-resolution soil moisture around the low-resolution observed mean value using the instantaneous spatial link between optical-derived SEE and near-surface soil moisture [4] .
In SMELLS we have implemented a long-term 1km dataset based on MODIS LST and NDVI [5] and recently we have also implemented the DisPATCh algorithm using S3 data [6] . Figure 1 shows an example of the SMELLS 1 km product for the third decade of September 2017 over the entire Users Area using MODIS LST in the upper pannel and S3 LST in the lower pannel.
SMELLS 100m product
One widely used approach to estimate SM from backscatter data relies on the use of in-situ measurements to calibrate a linear relationship between soil moisture and sigma-nought [7] . This is particularly useful when the backscatter time series are not long enough and/or in-situ soil moisture data are available. Our methodology is based in this approach. However, what is innovative in our approach is that we will be relying in SMOS disaggregated soil moisture instead of in-situ measurements to calibrate those widely validated methods to derive soil moisture from SAR measurements.
We estimate the backscatter sensitivity to soil moisture in each high resolution pixel using the following relationship:
where dB wet is the backscatter (in dB) of the S1 image on the wet day, dB dry is the backscatter (in dB) of the S1 image on the dry day, smwet is the SM 1km on the wet day and smdry is the SM 1km on the dry day.
Then we average slope 100m over the 1km pixel to estimate slope 1Km .
where N is the number of 100m pixels within the 1km pixel (i.e N=100). The sensitivity of backscatter to soil moisture is expected to be positive i.e. backscatter increases with soil moisture because reflectivity increases due to the higher dielectric constant of wet soil with respect to dry soil. When we encounter negative values, we set slope 1km equal to 0. This sensitivity is then used to estimate the high-resolution soil moisture sm 100 using the following equation:
The high resolution soil moisture satisfies the following equation:
where SM 1km is passive MW disaggregated SM at 1km and sm 100 is Sentinel1 derived soil moisture at 100m.
That is, the average at 1km resolution of the 100 m resolution soil moisture is equal to the low-resolution (1km) soil moisture.
VALIDATION
In order to validate the soil moisture products we can envisage two approaches:
• validate the temporal representativeness of the product, this approach can only be done when long-term series of the product exist, • validate the spatial representativeness of the product, this approach needs validation data sampled at the same spatial scale as the product to validate.
The long time series of the SMELLS 1km product allows to validate its temporal representativeness. For that purpose, the hourly ground based soil moisture observations from the SMELLS and AMMA-CATCH sites are averaged during the decadal period to match the SMELLS products temporal sampling. When there is more than one sensor at the surface depth, the different sensors measurements are averaged.
In the case of the SMELLS 100 m product, the validation of the temporal representativeness is not possible because a robust calibration of S1 data has not been possible due to a lack of wet conditions encountered in the desert area during 2016-2017. Therefore, SMELLS 100m products are scattered in time and cannot be validated against in-situ soil moisture measurements. Consequently, an initial validation of the SMELLS 100m was attempted by comparing the product with a SM index based on thermal (Landsat) imagery. Similarly to Equation ??, a thermal-derived SM index can be obtained by normalizing the Landsat LST from the theoretical dry and wet LST values estimated from the LST-NDVI feature space (e.g. [8] ) or from an energy balance model [9] . Over a relatively flat terrain, in the absence of vegetation cover and under heterogeneous SM conditions (i.e. after a significant rainfall event) the dry and wet LST are approximated by the maxi- Table 1 summarizes the statistic results from the comparison of the 1km products with the SMELLS stations. Table 2 summarizes the statistic results from the comparison of the 1km products with the AMMA stations for both the decadal and daily products.
CONCLUSIONS
This paper presents the soil moisture products developed in the framework of desert locust management in response to authoritative end-user requirements. The SMELLS project has developed a Soil Moisture product for desert locust management at two different spatial resolutions: 1km and 100m. The SMELLS 1km product covers the Users Area of Interest and has been produced over a period starting in January 2010 until December 2017. This long-term Soil moisture dataset constitutes a unique tool to evaluate the impact of this variable for Desert Locust management. Recently, the algorithm to estimate 1km Soil Moisture was applied using S3 LST showing an improved coverage over the Sahel region. The SMELLS 100m product has room for improvement. The low number of acquisitions on wet dates has limited the development of the product over the Users Areas. Since the launch of S1B in April 2016, the number of acquisitions has dramatically increased. This will surely contribute for future improvements. In situ data collected at the SMELLS cal/val sites are expected to be very useful for calibration purposes when long time series will be available.
The Soil Moisture product at 1km will be integrated into the national and global Desert Locust early warning systems in national locust centres and at DLIS-FAO, respectively. The users encouraged the Soil Moisture products be extended to the entire Desert Locust recession area (0-40N/20W-80E).
